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Selective laser sintering (SLS) is a form of additive manufacturing progressively 
used to manufacture end-use parts for industries including aerospace, automobile and 
biomedical. Machine settings, laser settings, and powder properties are all input parameters 
that affect the dimensional quality and mechanical properties of the produced SLS parts. A 
key challenge to successfully manufacturing SLS parts is learning how to control these 
parameters and finding the optimal settings such that desired mechanical properties are 
robustly achieved. This thesis proposes a design of experiments (DOE) based methodology 
to optimize mechanical properties of SLS parts. The study performs a DOE on three design 
variables (fill laser power, outline laser power, scan spacing) with three levels and 
measures six response variables (tensile strength, tensile modulus, tensile elongation-at-
break, density, hardness, surface roughness). Experiments are performed using a work 
material of ALM PA 650 unfilled nylon 12 performance polyamide blend. The effects of 
the selected parameters on different part quality metrics are analyzed and discussed. A 
confirmatory test to prove the optimized model is performed and evaluated. 
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Chapter 1:  Introduction 
1.1 SELECTIVE LASER SINTERING BACKGROUND 
Selective laser sintering (SLS) is an additive manufacturing (AM) process invented 
by Carl Deckard at the Mechanical Engineering Department of the University of Texas at 
Austin. Deckard filed the first patent for his research in October 1986 [1], and SLS became 
the first commercialized powder bed fusion (PBF) process [2, p. 107]. 
The SLS process consists of three stages: warm-up, build and cool-down. During 
the warm-up stage, feed cartridges are first filled with the powdered material and the build 
platform is primed with a layer (typically 1-2 inches) of powder. The machine is then pre-
heated for approximately 2 hours to a temperature just below the melting point for the 
specific powdered material [2, p. 108]. 
 




During the build stage, a CO2 laser beam selectively scans the powder bed to form 
the first layer of the part. The laser outlines the cross-section of the part, which is obtained 
from the stereolithography (STL) file, and then scans the interior of the cross-section to 
fill-in and complete the layer. When the layer is completed, the build platform is lowered 
by one layer thickness, and a counter-rotating leveling roller (Figure 1) applies a fresh layer 
of powder. Excess powder is collected in over-flow containers on each side of the machine, 
and the laser scans the cross-section of the new layer. The process is repeated until the part 
is completed [2, pp. 4-5, 108]. 
The final step of the SLS process is the cool-down stage. The powder bed is slowly 
cooled before removing the part from the machine to avoid warping. When the powder bed 
has cooled, the solid SLS part and part cake are removed from the build chamber. The SLS 
part is separated from the part cake and then air blasted to clean off excess powder. The 
manufactured part may go through subsequent post-processing, while the part cake and 
powder from the over-flow chamber may be recycled for future use [2, pp. 6, 108-109]. 
SLS is an emerging technology for manufacturing developed relatively recently1. 
However, the use of SLS as a manufacturing method for prototypes and end-use parts can 
be advantageous. Parts with complex geometries, for which previously multiple iterative 
processes may have been needed with a skilled craftsmen employing a variety of 
construction methods, can now be crafted in a single stage using SLS. The loose, unsintered 
powder acts as a natural support structure throughout the build process allowing for parts 
to be oriented in any direction within the build chamber, and the unsintered powder is easily 
removed by air blasting during post-processing [2, pp. 9-12, 143]. 
                                                 




Although SLS technology continues to make advancements, it should be noted that 
there are still many issues regarding process control that hinder it from becoming more 
commonplace. The mechanical and surface properties of parts manufactured using SLS are 
dependent upon a variety of process parameters, and little effort has been made to 
understand the relationship between these parameters and the mechanical and surface 
properties of the finished part. Despite executing builds with identical process parameters, 
the repeatability of part quality metrics can vary widely within and between identical 
builds. While SLS manufacturers “implement stringent, proprietary process controls and 
procedures” in an effort to ensure consistent build quality, this undisclosed information is 
intellectual property to the company and what allows the commercialized manufacturers to 
remain competitive in the industry [4]. As a result, there is a lack of public and standardized 
information for the idyllic process parameter settings to achieve the desired mechanical 
properties of SLS parts made from assorted sintering materials on distinct SLS machines. 
1.2 RESEARCH OBJECTIVES 
The efforts of this thesis aim to propose an experimental methodology to optimize 
mechanical properties of parts built using SLS technology and to successfully demonstrate 
an application of the methodology. In theory, the proposed methodology can be replicated 
on any SLS powdered material, on any machine, with any number of selected processing 
parameters, and can be used to optimize any number of desired mechanical properties. In 
this thesis, to successfully develop and apply the methodology, the research has the 
following objectives: 
1. To use a DOE on three design variables with three levels each (33 degrees-of-




2. To collect data for six selected responses from the test specimens to build a set 
of experimental data 
3. To analyze the data in order to determine the effects of each design variable on 
the responses 
4. To develop a model of best fit for each response from the experimental data 
5. To estimate the experimental noise characteristics via analysis of variance 
(ANOVA) 
6. To demonstrate applicability of the proposed DOE based optimization by 
performing confirmatory tests with the response models 
1.3 ORGANIZATION OF THESIS 
The thesis is structured into five chapters. The current chapter briefly discusses the 
background of SLS and introduces the motivation and objectives for the research. The 
“Literature review” chapter motivates the research objectives by analyzing previous efforts 
to investigate SLS process parameters and optimize mechanical properties. The “Methods” 
chapter discusses the detailed methodology to experimentally optimize mechanical 
properties of SLS parts and gather data from the test specimens. The “Results and 
discussion” chapter analyzes the data obtained from the test specimens, builds a model to 
optimize the response variables, and performs a set of experiments to validate the models. 






Chapter 2:  Literature Review 
2.1 CHARACTERIZING PROCESS PARAMETERS 
Over the last thirty years, since the SLS process was first invented and patented, 
several research advancements have been made. Initial work was completed to correlate 
process parameters to area energy density. To characterize area energy density, EDA – also 
referred to as the Andrew Number, AN – delivered to the powder bed, Nelson [5] developed 
the simplified model given in Equation 1: 




where EDA is in [J/m
2], P is the laser power in [W], V is the velocity of the laser beam in 
[m/s], and HS is the hatch (or scan) spacing of the laser in [m]. This equation was further 
expanded upon by Starr et al. [6] [7] in order to illustrate volume energy density. The 
resulting model is given in Equation 2: 
𝐸𝐷𝑉 =  
𝑃
𝑉 ∗ 𝐻𝑆 ∗  𝜆
 (2) 
where EDV is in [J/m
3] and λ is the layer thickness [m]. The energy density equations can 
be used to relate physical properties of parts to the independent process parameters [8]. 
Bourell et al. [9] showed that of the different energy density equations available, volume 
energy density (Equation 2) best correlates to the resulting mass density and tensile strength 
for SLS parts manufactured from polyamide 12. 
 Several publications discuss research efforts to correlate process parameters to 
mechanical properties of SLS parts. Gibson and Shi [10] experimented on a Sinterstation 
2000 with a fine nylon material and altered fill laser power, scan size, scan spacing and 
part orientation to correlate these parameters to the tensile strength and density of the SLS 
parts. They found that with increasing fill laser power, tensile strength and part density 




They did not, however, suggest a method to determine the optimum. Gibson and Shi also 
showed that parts built in the Z-axis orientation have the worst tensile strength; this is due 
to the force being applied in the build layer direction. 
Starr et al. [7] experimented with nylon 12 on a Sinterstation 2500plus. Their 
research further concluded that at lower power levels, all parts have reduced tensile 
strength regardless of the build orientation. However, as power levels increase to an 
intermediate level, part orientation begins to have a significant effect on tensile strength, 
echoing the results of Gibson and Shi. Starr et al.’s analysis further expands upon these 
findings – given that a part is oriented length-wise in the Z-axis, the orientation of the width 
of the part along the Z-X or Z-Y axis does have a significant effect on the part’s tensile 
strength. 
Additional analysis to correlate processing parameters has been conducted by many 
researchers. Ho et al. [11] correlated the tensile strength and part density of polycarbonate 
SLS parts as a function of energy density. Zarringhalam et al. [12] studied potential sources 
of the lack of reproducibility of SLS parts and related the results to various mechanical 
properties. However, this research was limited and focused on two experiments performed 
on separate machines with different processing parameters for each machine, making it 
difficult for the results to correlate to specific effects. Additional technical literature 
demonstrates similar drawbacks in that they do not fully explore a range of processing 
parameters. Majewski and Hopkinson [13] concluded that layer thickness and orientation 
did not affect tensile strength, but the experiments did not vary other processing 
parameters. Caulfield et al. [14] explored the effects of increasing laser power (energy 
density) on part strength and apparent density, but the experiments were conducted with 




mechanical properties at three levels of fill laser power but a constant level for scan spacing 
and scan speed. 
2.2 OPTIMIZATION ATTEMPTS AND LIMITATIONS 
There are several technical literature sources that have emerged in recent years that 
implore a DOE based methodology. Some researchers have used DOE to better understand 
the effects of specific processing parameters. For example, Savalani et al. [6] performed a 
two-level full factorial DOE on hydroxyapatite-polymer composite material to identify the 
effects of layer thickness, laser power, scan spacing and scan speed on porosity, pore size 
and channel width – crucial bio-application outputs. 
Other researchers have applied a DOE method in order to optimize a specific part 
quality metric, and it appears that most of these efforts are focused only on optimizing part 
density. Liao et al. [16] performed a two-level fractional factorial DOE with replications 
on a metallic nickel powder to identify the effects of particle size, pulse frequency, pulse 
duration and number of pulses on the porosity of the SLS part. Similarly, Chung et al. [17] 
investigated glass-filled nylon 11 specimens with a two-level factorial DOE on five 
processing parameters to determine optimal values for maximized part density. Lastly, Liu 
et al. [18] utilized a three-level DOE on dental glass-ceramics powder to explore the effects 
of laser power, scan spacing and scan speed on relative density and bending strength. Using 
a linear regression model, optimal processing parameters were determined to increase the 
relative density.  
While there have been some efforts to conduct a three-level DOE based study and 
to build a model of the optimal response, there were limitations with the research. Singh et 
al. [19] developed a quadratic model to model sintered part density based on a 




physical experimentation was conducted to validate the model, rather, the optimal results 
were compared to literature sources. Again, as seen in the previous technical literature, 
only one part quality metric was examined – density. 
The literature review shows that there has been some research efforts aimed to 
characterize processing parameters and their effects on mechanical properties of SLS parts. 
However, this research is often limited in scope to exploring the effects of varying a single 
processing parameter while holding all others constant. Further, the mechanical property 
most often explored is sintered part density or porosity with little effort to explore other 
mechanical properties such as hardness, fracture toughness, impact strength or surface 
roughness. Another finding from the literature review is that there have been attempts to 
optimize a single part quality metric, but at times, only a linear model is developed. The 
issue from this is that a true optimum is not determined, but rather a value near the optimum 
is found [20]. 
The purpose of this thesis will expand upon current research to investigate a 
reproducible methodology to explore the effects of any processing parameter on any 
desired number of mechanical properties with any selected work material. Further, it is also 
the purpose of this thesis to develop a model to optimize the selected mechanical properties 





Chapter 3:  Methods 
The methodology proposed aims to demonstrate optimization of mechanical 
properties of laser sintered parts. It is first necessary to select the processing parameters of 
importance, along with the working range of values to be experimented upon, in order to 
measure the selected response variables. Consideration should be given as to what test 
specimens, or parts, should be built in order to measure the response variables. An 
experimentation model most appropriate for the analysis is selected, and then the design 
matrix can be developed. The experiments should be conducted according to the design 
matrix in randomized order on the selected work material for processing. After 
experimentation is performed, data will be gathered from the test specimens to measure the 
response variables, and the responses will be analyzed using analysis of variance 
(ANOVA). Finally, with response models obtained from the experimental data, values for 
all process parameters are determined to optimize each response variable, and a 
confirmatory test to demonstrate proof of the model will be conducted. An application of 
the methodology sequence is discussed and demonstrated below. 
3.1 PROCESS PARAMETERS 
3.1.1 Selection of process parameters 
The machine process parameters, or design variables, selected for experimentation 
are fill laser power, outline laser power, and scan spacing. These parameters were selected 
based on prior research demonstrating that laser power and scan spacing affect the energy 
density supplied to the powder material [21]. As discussed in the literature review, laser 
power and scan spacing have a direct impact on the energy density of the sintered part, thus 




3.1.2 Range of values for process parameters 
The range of values for the process parameters were selected and determined based 
on expert knowledge and experience with the chosen work material and in such a way that 
optimal settings for the process are expected within those ranges. The working range of the 
selected process parameters are shown in Table 1. The table also includes the coded, 
dimensionless levels for the DOE, shown in bold. The 0-level represents the current setting 
at which the SLS machine is typically operated at in order to manufacture Nylon 12 parts. 
 
Parameter -1 0 +1 
X1 Fill laser power, W 20 24 28 
X2 Outline laser power, W 3 5 7 
X3 Scan spacing, in 0.006 0.010 0.014 
Table 1: Selected process parameters and encoding of values 
3.2 RESPONSE VARIABLES AND TEST METHODS 
The response variables of interest for this study were the following mechanical 
properties: tensile strength, tensile modulus, elongation-at-break, sintered part density, 
hardness, and surface roughness. Table 2 summarizes the response variables and selected 
test methods for each property. The ALM Material Processing Guide [22] lists typical 
physical properties and the test methods used to determine the metric values; these test 





 Response Test Method Specimen 
Y1 Ultimate tensile strength (XY) ASTM D638 [23] Type I tensile bar 
Y2 Tensile modulus (XY) ASTM D638 [23] Type I tensile bar 
Y3 Tensile elongation-at-break ASTM D638 [23] Type I tensile bar 
Y4 Sintered part density ASTM D792 [24] 1” x 1” x 1” cube 
Y5 Hardness (Shore D) ASTM D2240 [25] 1” x 1” x 1” cube 
Y6 Surface roughness Laser diffraction 2.5” x 0.5” x 0.125” bar 
Table 2: Selected response variables and test methods 
3.3 CONTROL VARIABLES IN THE EXPERIMENTS 
The control variables are machine process parameters and other variables that were 
kept constant throughout the experiments to reduce the noise measured in the response 
variables. All experiments were performed by the same individual to reduce operator noise. 








Layer thickness 100 µm 
Roller speed 10 in/s 
Preheat temperature  
Left/Right feed 140 °C 
Part bed 174 °C 
Warm-up time 1 hour 45 mins 




Fill beam offset  
X 0.01 in 
Y 0.01 in 
Scanning speed  
Fill 400 in/s 
Outline 70 in/s 





Material ALM PA 650 Unfilled Nylon 12 [22] 
Particle size 55 µm 
Mixture 30% fresh powder 
70% recycled powder 
35% part cake 
35% overflow 
Table 3: Control parameters and values 
3.4 EXPERIMENTAL MODEL 
3.4.1 Design of experiments 
The model was developed using a design of experiments (DOE) based 
methodology. A DOE is a scientific approach to systematically change the levels of input 




responses [26]. For this study, three process parameters were selected with three levels for 
experimentation and six response variables were measured. 
3.4.2 Design of experiment runs 
The goal of the proposed methodology is to develop a model of best fit such that 
the desired response variables can be optimized. The demonstrated methodology in this 
thesis will develop a quadratic model of best fit for each response variable because a 
quadratic model is the simplest model that can represent curvature of the response surface; 
in order to detect curvature, three levels of the factors are needed [20].  The quadratic model 
will have the following form: 
𝑦 = 𝛽0 +  𝛽1𝑥1
2 + 𝛽2𝑥2
2 + 𝛽3𝑥3
2 + 𝛽4𝑥1𝑥2 + 𝛽5𝑥1𝑥3 + 𝛽6𝑥2𝑥3 + 𝛽7𝑥1 + 𝛽8𝑥2 +  𝛽9𝑥3 
where 𝑥1, 𝑥2, and 𝑥3 are the selected process parameters and 𝛽𝑖 are coefficients 
representing the effect of the variables and interactions.  
A minimum of 10 experiments are required to solve for the 10 unknowns; however, 
additional experiments provide supplementary data to better fit the model. For this thesis, 
21 experiments were conducted. The experimental design focused on the 8 edge points of 
a cube, the 8 midpoints of a cube and a center point within a cube. 
The experiments were performed in random order (run order) to eliminate bias from 
being introduced into the measured responses. Table 4 summarizes the experiment runs, 
the run order, the levels of each design variable for each experimental trial, and the 
corresponding energy density of each trial. Volume Energy density is calculated with 








X1 X2 X3 Energy 
Density 
J/mm3 
1 2 -1 -1 -1 5.080 
2 7 -1 -1 +1 2.218 
3 11 -1 +1 -1 5.080 
4 5 -1 +1 +1 2.218 
5 13 +1 -1 -1 7.112 
6 9 +1 -1 +1 3.105 
7 6 +1 +1 -1 7.112 
8 4 +1 +1 +1 3.105 
9 19 0 -1 -1 6.096 
10 14 0 -1 +1 2.662 
11 21 0 +1 -1 6.096 
12 16 0 +1 +1 2.662 
13 8 -1 0 -1 5.080 
14 15 +1 0 -1 7.112 
15 10 -1 0 +1 2.218 
16 18 +1 0 +1 3.105 
17 17 -1 -1 0 3.088 
18 12 -1 +1 0 3.088 
19 20 +1 -1 0 4.323 
20 3 +1 +1 0 4.323 
21 1 0 0 0 3.705 




3.5 MATERIAL SELECTION AND DETAIL 
Specimens were fabricated on the Sinterstation® HiQ SLS® System located in the 
Engineering Teaching Center at the University of Texas at Austin. The work material was 
ALM PA 650 unfilled nylon 12 performance polyamide blend. The material had an average 
particle size of 55 µm [22]. A mixture of 30% fresh powder and 70% recycled powder was 
used to fabricate the test specimens. 
3.6 DATA COLLECTION 
3.6.1 Tensile properties 
Tensile testing of ten specimens per experimental run was performed according to 
ASTM D638 [23] using Type I tensile bars. A clip-on extensometer was used to measure 
strain. The speed of testing was 5 mm/min. The average value for the tensile properties of 





Ex. # Coded values  Actual values  Response:  
Ultimate tensile strength 






 𝑌1̅, MPa Std. Dev. 
1 -1 -1 -1  20 3 0.006  43.0 0.41 
2 -1 -1 +1  20 3 0.014  6.98 0.41 
3 -1 +1 -1  20 7 0.006  40.6 1.24 
4 -1 +1 +1  20 7 0.014  7.63 0.82 
5 +1 -1 -1  28 3 0.006  44.5 0.62 
6 +1 -1 +1  28 3 0.014  12.8 0.76 
7 +1 +1 -1  28 7 0.006  46.1 0.87 
8 +1 +1 +1  28 7 0.014  19.3 1.03 
9 0 -1 -1  24 3 0.006  10.7 1.35 
10 0 -1 +1  24 3 0.014  7.03 0.39 
11 0 +1 -1  24 7 0.006  38.3 1.56 
12 0 +1 +1  24 7 0.014  6.81 0.51 
13 -1 0 -1  20 5 0.006   41.3 0.41 
14 +1 0 -1  28 5 0.006   44.2 0.44 
15 -1 0 +1  20 5 0.014   6.85 0.32 
16 +1 0 +1  28 5 0.014   11.3 1.26 
17 -1 -1 0  20 3 0.010  14.6 1.44 
18 -1 +1 0  20 7 0.010  17.1 0.66 
19 +1 -1 0  28 3 0.010  23.0 3.25 
20 +1 +1 0  28 7 0.010  35.8 2.03 
21 0 0 0  24 5 0.010  27.4 1.45 
       𝑌1̿ = 24.1  




Ex. # Coded values  Actual values  Response: 
Tensile modulus 






 𝑌2̅, MPa Std. Dev. 
1 -1 -1 -1  20 3 0.006  1367 187 
2 -1 -1 +1  20 3 0.014  308 43.6 
3 -1 +1 -1  20 7 0.006  1504 160 
4 -1 +1 +1  20 7 0.014  413 94.5 
5 +1 -1 -1  28 3 0.006  1230 243 
6 +1 -1 +1  28 3 0.014  715 260 
7 +1 +1 -1  28 7 0.006  1320 152 
8 +1 +1 +1  28 7 0.014  633 78.1 
9 0 -1 -1  24 3 0.006  502 85.8 
10 0 -1 +1  24 3 0.014  266 29.8 
11 0 +1 -1  24 7 0.006  1120 238 
12 0 +1 +1  24 7 0.014  407 75.8 
13 -1 0 -1  20 5 0.006   1527 206 
14 +1 0 -1  28 5 0.006   1280 170 
15 -1 0 +1  20 5 0.014   359 40.4 
16 +1 0 +1  28 5 0.014   443 61.6 
17 -1 -1 0  20 3 0.010  687 108 
18 -1 +1 0  20 7 0.010  917 138 
19 +1 -1 0  28 3 0.010  666 94.6 
20 +1 +1 0  28 7 0.010  1195 159 
21 0 0 0  24 5 0.010  1095 243 
       𝑌2̿ = 855  




Ex. # Coded values  Actual values  Response: 
Elongation-at-break 






 𝑌3̅, % Std. Dev. 
1 -1 -1 -1  20 3 0.006  8.91 1.97 
2 -1 -1 +1  20 3 0.014  1.68 0.60 
3 -1 +1 -1  20 7 0.006  4.12 1.11 
4 -1 +1 +1  20 7 0.014  2.64 0.85 
5 +1 -1 -1  28 3 0.006  11.7 2.01 
6 +1 -1 +1  28 3 0.014  0.94 0.33 
7 +1 +1 -1  28 7 0.006  12.3 2.55 
8 +1 +1 +1  28 7 0.014  3.12 1.19 
9 0 -1 -1  24 3 0.006  2.70 0.56 
10 0 -1 +1  24 3 0.014  1.91 0.82 
11 0 +1 -1  24 7 0.006  4.37 1.24 
12 0 +1 +1  24 7 0.014  1.14 0.54 
13 -1 0 -1  20 5 0.006   6.92 1.83 
14 +1 0 -1  28 5 0.006   11.1 2.04 
15 -1 0 +1  20 5 0.014   1.23 0.41 
16 +1 0 +1  28 5 0.014   2.35 0.73 
17 -1 -1 0  20 3 0.010  1.12 0.58 
18 -1 +1 0  20 7 0.010  1.39 0.48 
19 +1 -1 0  28 3 0.010  1.39 0.52 
20 +1 +1 0  28 7 0.010  2.78 0.69 
21 0 0 0  24 5 0.010  1.74 0.54 
       𝑌3̿ = 4.07  




3.6.2 Density property 
Density testing of five specimens per experimental run was performed according to 
ASTM D792 Test Method A [24]. The temperature of the water was 22.5 °C. The average 





Ex. # Coded values  Actual values  Response:  
Density 







3 Std. Dev. 
1 -1 -1 -1  20 3 0.006  0.981 0.008 
2 -1 -1 +1  20 3 0.014  0.669 0.009 
3 -1 +1 -1  20 7 0.006  0.990 0.010 
4 -1 +1 +1  20 7 0.014  0.693 0.018 
5 +1 -1 -1  28 3 0.006  0.959 0.022 
6 +1 -1 +1  28 3 0.014  0.763 0.020 
7 +1 +1 -1  28 7 0.006  0.991 0.004 
8 +1 +1 +1  28 7 0.014  0.837 0.012 
9 0 -1 -1  24 3 0.006  0.752 0.008 
10 0 -1 +1  24 3 0.014  0.692 0.021 
11 0 +1 -1  24 7 0.006  0.974 0.027 
12 0 +1 +1  24 7 0.014  0.675 0.011 
13 -1 0 -1  20 5 0.006   0.959 0.024 
14 +1 0 -1  28 5 0.006   0.978 0.020 
15 -1 0 +1  20 5 0.014   0.673 0.014 
16 +1 0 +1  28 5 0.014   0.753 0.016 
17 -1 -1 0  20 3 0.010  0.813 0.009 
18 -1 +1 0  20 7 0.010  0.835 0.012 
19 +1 -1 0  28 3 0.010  0.944 0.022 
20 +1 +1 0  28 7 0.010  0.944 0.019 
21 0 0 0  24 5 0.010  0.934 0.007 
       𝑌4̿ = 0.848  




3.6.3 Hardness property 
Hardness testing of 2 specimens per experimental run was performed according to 
ASTM D2240 [25]. The ambient air temperature was 72.0 °F. The tests were performed 
using a hand-held XF Shore-D durometer. The test specimens were 1” cubes. The average 





Ex. # Coded values  Actual values  Response: 
Hardness 






 𝑌5̅ Std. Dev. 
1 -1 -1 -1  20 3 0.006  74.7 0.15 
2 -1 -1 +1  20 3 0.014  58.2 2.05 
3 -1 +1 -1  20 7 0.006  73.4 0.75 
4 -1 +1 +1  20 7 0.014  59.1 3.90 
5 +1 -1 -1  28 3 0.006  73.4 1.00 
6 +1 -1 +1  28 3 0.014  62.5 0.35 
7 +1 +1 -1  28 7 0.006  74.2 1.15 
8 +1 +1 +1  28 7 0.014  66.3 2.10 
9 0 -1 -1  24 3 0.006  58.8 1.85 
10 0 -1 +1  24 3 0.014  58.3 0.70 
11 0 +1 -1  24 7 0.006  71.7 1.70 
12 0 +1 +1  24 7 0.014  57.8 0.35 
13 -1 0 -1  20 5 0.006   73.9 0.10 
14 +1 0 -1  28 5 0.006   74.4 0.10 
15 -1 0 +1  20 5 0.014   56.9 0.65 
16 +1 0 +1  28 5 0.014   60.0 0.60 
17 -1 -1 0  20 3 0.010  65.4 0.20 
18 -1 +1 0  20 7 0.010  64.8 0.61 
19 +1 -1 0  28 3 0.010  67.5 1.80 
20 +1 +1 0  28 7 0.010  71.4 0.20 
21 0 0 0  24 5 0.010  70.5 1.15 
       𝑌5̿ = 66.3  




3.6.4 Surface roughness property 
Surface roughness of 2 specimens per experimental run was performed with 
roughness measurements obtained using a Wyko NT 9100 Optical Profilometer. 
Specimens were gold-sputtered prior to analysis to reduce the reflectivity of the white 
nylon specimens and to ensure that an accurate reading of the surface could be achieved. 
The average surface roughness and standard deviation for each experimental run is shown 





Ex. # Coded values  Actual values  Response: 
Surface roughness 






 𝑌6̅, µm Std. Dev. 
1 -1 -1 -1  20 3 0.006  17.51 1.025 
2 -1 -1 +1  20 3 0.014  19.76 0.460 
3 -1 +1 -1  20 7 0.006  18.06 0.675 
4 -1 +1 +1  20 7 0.014  30.95 0.940 
5 +1 -1 -1  28 3 0.006  17.34 1.860 
6 +1 -1 +1  28 3 0.014  18.48 0.110 
7 +1 +1 -1  28 7 0.006  15.46 1.270 
8 +1 +1 +1  28 7 0.014  21.45 1.615 
9 0 -1 -1  24 3 0.006  27.90 2.000 
10 0 -1 +1  24 3 0.014  24.50 2.535 
11 0 +1 -1  24 7 0.006  17.65 0.160 
12 0 +1 +1  24 7 0.014  26.35 0.785 
13 -1 0 -1  20 5 0.006   15.65 0.475 
14 +1 0 -1  28 5 0.006   26.05 0.140 
15 -1 0 +1  20 5 0.014   26.69 3.435 
16 +1 0 +1  28 5 0.014   25.65 0.065 
17 -1 -1 0  20 3 0.010  23.52 0.765 
18 -1 +1 0  20 7 0.010  24.94 1.380 
19 +1 -1 0  28 3 0.010  24.73 2.895 
20 +1 +1 0  28 7 0.010  21.85 0.035 
21 0 0 0  24 5 0.010  24.67 0.030 
       𝑌6̿ = 28.34  




Chapter 4:  Results and Discussion 
4.1 EXPERIMENTAL RESULTS 
Table 11 summarizes the experimental data gathered from all test specimens for 
each experimental run. The models and optimization are based on the presented data.  
 
Ex #  Actual values  Response variables 












Density Hardness Surface 
roughness 
  X1, W X2, W X3, in  Y1, MPa Y2, MPa Y3, % Y4, g/cm
3 Y5 Y6, µm 
1  20 3 0.006  43.0 1367 8.91 0.981 74.7 17.51 
2  20 3 0.014  6.98 308 1.68 0.669 58.2 19.76 
3  20 7 0.006  40.6 1504 4.12 0.990 73.4 18.06 
4  20 7 0.014  7.63 413 2.64 0.693 59.1 30.95 
5  28 3 0.006  44.5 1230 11.7 0.959 73.4 17.34 
6  28 3 0.014  12.8 715 0.94 0.763 62.5 18.48 
7  28 7 0.006  46.1 1320 12.3 0.991 74.2 15.46 
8  28 7 0.014  19.3 633 3.12 0.837 66.3 21.45 
9  24 3 0.006  10.7 502 2.70 0.752 58.8 27.90 
10  24 3 0.014  7.03 266 1.91 0.692 58.3 24.50 
11  24 7 0.006  38.3 1120 4.37 0.974 71.7 17.65 
12  24 7 0.014  6.81 407 1.14 0.675 57.8 26.35 
13  20 5 0.006   41.3 1527 6.92 0.959 73.9 15.65 
14  28 5 0.006   44.2 1280 11.1 0.978 74.4 26.05 
15  20 5 0.014   6.85 359 1.23 0.673 56.9 26.69 
16  28 5 0.014   11.3 443 2.35 0.753 60.0 25.65 
17  20 3 0.010  14.6 687 1.12 0.813 65.4 23.52 
18  20 7 0.010  17.1 917 1.39 0.835 64.8 24.94 
19  28 3 0.010  23.0 666 1.39 0.944 67.5 24.73 
20  28 7 0.010  35.8 1195 2.78 0.944 71.4 21.85 
21  24 5 0.010  27.4 1095 1.74 0.934 70.5 24.67 




4.2 MODELS FOR MECHANICAL PROPERTIES 
Quadratic models are obtained for all response variables based on the data shown 
in Table 11 and using least-squares fitting implemented via Minitab [27]. The models 
represent an empirical relationship between the process variables and the measured 
responses, with the quadratic form providing terms for main effects, squared terms, 
interaction effects and error. 
The models are refined using backwards elimination to remove insignificant factors 
outside of an alpha level of 0.10 [28], leaving only model terms that significantly affect the 
response variable of interest, with significance established with 90% confidence. 
The process parameters are represented in the models as the following: fill laser 
power (A), outline laser power (B), and scan spacing (C). 
Ultimate tensile strength 
The quadratic model for ultimate tensile strength is given in Equation 3: 
𝑌1 = 3.270 𝑥 10
2 − 24.2 𝐴 + 4.60 𝐵 − 5.179 𝑥 103 𝐶 + 0.489 𝐴2 − 0.598 𝐵2
+ 5.593 𝑥 104 𝐶2 + 0.209 𝐴𝐵 + 62.0 𝐴𝐶 − 2.050 𝑥 102 𝐵𝐶 
(3) 
Insignificant model terms were removed from Equation 3 with backwards elimination to 
improve the models. The reduced model for ultimate tensile strength, given in Equation 4, 
includes fill laser power and its square term, and scan spacing as significant effects. 
𝑌1 = 3.08 𝑥 10
2 − 22.8 𝐴 + 1.530 𝐵 − 3.539 𝑥 103 𝐶 + 0.494 𝐴2 (4) 
Figure 2 graphs the contour plots of the reduced model for ultimate tensile strength. 
Figure 3 shows the curvature for each of the surface plots of the reduced model for ultimate 
tensile strength. Based on the model (4), the optimal parameter settings to maximize tensile 
strength are setting fill laser power at 28 W, outline laser power at 7 W, and scan spacing 
























































Figure 3: Surface plots of reduced model for ultimate tensile strength 
Tensile modulus 
The full quadratic model for tensile modulus is given in Equation 5: 
𝑌2 = 9.666 𝑥 10
3 − 7.350 𝑥 102 𝐴 + 3.720 𝑥 102𝐵 − 1.367 𝑥 105 𝐶
+ 13.98 𝐴2 − 26.2 𝐵2 − 4.314 𝑥 106 𝐶2 + 0.67 𝐴𝐵
+ 6.663 𝑥 103 𝐴𝐶 − 7.091 𝑥 103𝐵𝐶 
(5) 
After removing insignificant terms via backwards elimination, the reduced model for 
tensile modulus, given in Equation 6, includes fill laser power and its square term, outline 















































𝑌2 = 1.120 𝑥 10
4 − 7.570 𝑥 102 𝐴 + 55.3𝐵 − 2.584 𝑥 105 𝐶 + 14.52 𝐴2
+ 6.663 𝑥 103 𝐴𝐶 
(6) 
Figure 4 graphs the contour plots of the reduced model for tensile modulus. Figure 
5 shows the curvature for each of the surface plots of the reduced model for tensile 
modulus. Following model (6), the optimal parameter settings in order to maximize tensile 
modulus are setting fill laser power at 20 W, outline laser power at 7 W, and scan spacing 
at 0.006 in. 
 
 






















































Figure 5: Surface plots of reduced model for tensile modulus 
Elongation-at-break 
The full quadratic model for elongation-at-break is given in Equation 7: 
𝑌3 = 97.3 − 6.48 𝐴 − 1.16 𝐵 − 3.243 𝑥 10
3 𝐶 + 0.1478 𝐴2 − 0.124 𝐵2
+ 2.016 𝑥 105 𝐶2 + 0.0808 𝐴𝐵 − 74.0 𝐴𝐶 + 50.7 𝐵𝐶 
(7) 
After removing insignificant terms via backwards elimination, the simplified elongation-
at-break model, given in Equation 8, includes fill laser power and its square term, scan 
spacing and its square term, and the interaction between fill laser power and scan spacing 
as significant effects. 
𝑌3 = 89.1 − 6.16 𝐴 − 3.022 𝑥 10













































Figure 6 graphs the contour plot of the reduced model for elongation-at-break. 
Figure 7 shows the curvature for the surface plot of the reduced model for elongation-at-
break. Following model (8), the optimal parameter settings in order to maximize 
elongation-at-break are setting fill laser power at 28 W, outline laser power at 7 W, and 
scan spacing at 0.006 in. 
 
 














































Figure 7: Surface plot of reduced model for elongation-at-break 
Sintered part density 
The full quadratic model for density is given in Equation 9: 
𝑌4 = 2.67 − 0.1674 𝐴 + 0.0557 𝐵 + 13.9 𝐶 + 0.00327 𝐴
2 − 0.00382 𝐵2
− 3.638 𝑥 103 𝐶2 + 0.00054 𝐴𝐵 + 1.66 𝐴𝐶 − 1.90 𝐵𝐶 
(9) 
After removing insignificant terms via backwards elimination, the density model reduces 
to Equation 10 and includes fill laser power, scan spacing and its square term as significant 
effects. 
𝑌4 = 0.596 + 0.00866 𝐴 + 46.5 𝐶 − 3.753 𝑥 10
3 𝐶2 (10) 
Figure 8 graphs the contour plot of the reduced model for density. Figure 9 shows 
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the optimal parameter settings in order to maximize density are setting fill laser power at 
28 W, outline laser power at 7 W, and scan spacing at 0.007 in. 
 
 














































Figure 9: Surface plot of reduced model for density 
Hardness 
The full quadratic model for hardness is given in Equation 11: 
𝑌5 = 2.095 𝑥 10
2 − 11.97𝐴 + 1.50𝐵 − 4.72 𝑥 102 𝐶 + 0.231 𝐴2 − 0.240 𝐵2
+ 1.208 𝑥 105 𝐶2 + 0.099 𝐴𝐵 + 76.0 𝐴𝐶 − 85 𝐵𝐶 
(11) 
After removing insignificant terms via backwards elimination, the reduced hardness model, 
given in Equation 12, includes fill laser power and its square term, and scan spacing as 
significant effects. 
𝑌5 = 2.077 𝑥 10
2 − 11.14 𝐴 − 1.491 𝑥 103 𝐶 + 0.240 𝐴2 (12) 
Figure 10 graphs the contour plot of the reduced model for hardness. Figure 11 
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model (12), the optimal parameter settings in order to maximize hardness are setting fill 
laser power at 28 W, outline laser power at 7 W, and scan spacing at 0.006 in. 
 
 









































Figure 11: Surface plot of reduced model for hardness 
Surface roughness 
The full quadratic model for surface roughness is given in Equation 13: 
𝑌6 = −129.3 + 9.74 𝐴 + 6.18 𝐵 + 4.518𝑥10
3 𝐶 − 0.168 𝐴2 − 0.522 𝐵2
− 1.462𝑥105 𝐶2 − 0.156 𝐴𝐵 − 1.014𝑥102 𝐴𝐶 + 2.87 𝑥 102 𝐵𝐶 
(13) 
After removing insignificant terms via backwards elimination, the reduced surface 
roughness model, given in Equation 14, includes outline laser power, scan spacing and 
their interaction as significant effects. 
𝑌6 = 30.27 − 2.78 𝐵 − 8.40𝑥10
2 𝐶 + 2.87𝑥102 𝐵𝐶 (14) 
Figure 12 graphs the contour plot of the reduced model for surface roughness. 





















roughness. Following model (14), the optimal parameter settings in order to minimize 
surface roughness are setting fill laser power at 28 W, outline laser power at 7 W, and scan 
spacing at 0.006 in. 
 
 















































Figure 13: Surface plot of reduced model for surface roughness 
4.3 ANOVA 
ANOVA is performed on the collected data from Table 11 using Minitab [27]. 
Table 12 shows the ANOVA table for the full quadratic response models while Table 13 
shows the ANOVA table for the reduced response models.  
In Table 12, model F-value greater than 4.6375 and low probability value (P < 0.5) 
indicate that the model terms are significant. Model terms with P-value greater than 0.100 
indicate insignificant model terms. The adjusted determination coefficient (Adj R2) 
measures the percentage of variation explained by the independent variables. The predicted 
determination coefficient (Pred R2) measures how well the model predicts responses for 
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difference may indicate over-fitting of the model [29]. The adequate precision ratio (Adeq 
Precision) measures the signal-to-noise ratio. A ratio greater than 4 is desirable [30]. 
Ultimate tensile strength 
In the full quadratic model, given by Equation 3, the value of the adjusted 
determination coefficient (Adj R2 = 0.7470) indicates that the model explains 74.70% of 
the variability in the response. The Pred R2 of 0.4915 is not in reasonable agreement with 
the Adj R2 of 0.7470. The “Adeq Precision” ratio of 7.407 indicates an adequate signal. 
In the reduced model, given by Equation 4, the value of the adjusted determination 
coefficient (Adj R2 = 0.7783) indicates that the model explains 79.83% of the variability 
in the response. The Pred R2 of 0.6902 is in reasonable agreement with the Adj R2 of 
0.7783. The “Adeq Precision” ratio of 11.73 indicates an adequate signal for the model. 
Tensile modulus 
In the full quadratic model, given by Equation 5, the value of the adjusted 
determination coefficient (Adj R2 = 0.7468) indicates that the model explains 74.68% of 
the variability in the response. The Pred R2 of 0.4794 is not in reasonable agreement with 
the Adj R2 of 0.7468. The “Adeq Precision” ratio of 8.516 indicates an adequate signal. 
In the reduced model, given by Equation 6, the value of the adjusted determination 
coefficient (Adj R2 = 0.7791) indicates that the model explains 77.91% of the variability 
in the response. The Pred R2 of 0.6825 is in reasonable agreement with the Adj R2 of 
0.7791. The “Adeq Precision” ratio of 11.77 indicates an adequate signal for the model. 
Elongation-at-break 
In the full quadratic model, given by Equation 7, the value of the adjusted 




the variability in the response. The Pred R2 of 0.4990 is not in reasonable agreement with 
the Adj R2 of 0.7474. The “Adeq Precision” ratio of 8.820 indicates an adequate signal. 
In the reduced model, given by Equation 8, the value of the adjusted determination 
coefficient (Adj R2 = 0.7764) indicates that the model explains 77.64% of the variability 
in the response. The Pred R2 of 0.6683 is in reasonable agreement with the Adj R2 of 
0.7764. The “Adeq Precision” ratio of 12.10 indicates an adequate signal for the model. 
Sintered part density 
In the full quadratic model, given by Equation 9, the value of the adjusted 
determination coefficient (Adj R2 = 0.7891) indicates that the model explains 78.91% of 
the variability in the response. The Pred R2 of 0.5720 is not in reasonable agreement with 
the Adj R2 of 0.7891. The “Adeq Precision” ratio of 8.149 indicates an adequate signal. 
In the reduced model, given by Equation 10, the value of the adjusted determination 
coefficient (Adj R2 = 0.7438) indicates that the model explains 74.38% of the variability 
in the response. The Pred R2 of 0.6948 is in reasonable agreement with the Adj R2 of 
0.7438. The “Adeq Precision” ratio of 11.73 indicates an adequate signal for the model. 
Hardness 
In the full quadratic model, given by Equation 11, the value of the adjusted 
determination coefficient (Adj R2 = 0.6813) indicates that the model explains 68.13% of 
the variability in the response. The Pred R2 of 0.3548 is not in reasonable agreement with 
the Adj R2 of 0.6813. The “Adeq Precision” ratio of 2.645 does not indicate an adequate 
signal. 
In the reduced model, given by Equation 12, the value of the adjusted determination 




in the response. The Pred R2 of 0.5670 is in reasonable agreement with the Adj R2 of 
0.6975. The “Adeq Precision” ratio of 6.969 indicates an adequate signal for the model. 
Surface roughness 
In the full quadratic model, given by Equation 13, the value of the adjusted 
determination coefficient (Adj R2 = 0.4162) indicates that the model explains 41.62% of 
the variability in the response. The Pred R2 of 0.00 is not in reasonable agreement with the 
Adj R2 of 0.4162. The “Adeq Precision” ratio of 2.843 does not indicate an adequate signal. 
In the reduced model, given by Equation 14, the value of the adjusted determination 
coefficient (Adj R2 = 0. 0.2892) indicates that the model explains 28.92% of the variability 
in the response. The Pred R2 of 0.0226 is not in reasonable agreement with the Adj R2 of 





Source Sum of squares DF Mean square F value P-value F > Fcrit 
Ultimate tensile strength 
     
Model 4,012.74 9 445.86 7.56 0.001 Significant 
A 217.67 1 217.67 3.69 0.081  
B 149.78 1 149.78 2.54 0.139  
C 3304.24 1 3,304.24 56.04 0.000  
A2 231.87 1 231.87 3.93 0.073  
B2 21.70 1 21.70 0.37 0.556  
C2 3.03 1 3.03 0.05 0.825  
AB 33.51 1 33.51 0.57 0.467  
AC 11.91 1 11.91 0.20 0.662  
BC 32.40 1 32.40 0.55 0.474  
Error 648.61 11 58.96    
Total 4,661.35 20     
Std. Dev.    7.6788 R-Squared 0.8609  
Mean   24.057 Adj R-Squared 0.7470  
C.V.   31.92 Pred R-Squared 0.4915  
PRESS   2,370.37 Adeq Precision 7.407  
Tensile modulus 
     
Model 3,128,353 9 347,595 7.55 0.001 Significant 
A 9,996 1 9,996 0.22 0.650  
B 195,715 1 195,715 4.25 0.064  
C 2,484,613 1 2,484,613 53.99 0.000  
A2 205,701 1 189,595 4.12 0.067  
B2 38,921 1 41,649 0.90 0.362  
C2 18,057 1 18,057 0.39 0.544  
AB 342 1 342 0.01 0.933  
AC 136,393 1 136,393 2.96 0.113  
BC 38,617 1 38,617 0.84 0.379  
Error 506,254 11 46,023    
Total 3,634,608 20     
Std. Dev.    214.530 R-Squared 0.8607  
Mean   855.038 Adj R-Squared 0.7468  
C.V.   25.09 Pred R-Squared 0.4794  
PRESS   1,892,210 Adeq Precision 8.516  





Source Sum of squares DF Mean square F value P-value F > Fcrit 
Elongation-at-break 
     
Model 241.494 9 26.833 7.58 0.001 Significant 
A 19.307 1 19.307 5.45 0.040  
B 0.149 1 0.149 0.04 0.841  
C 138.204 1 138.204 39.02 0.000  
A2 18.905 1 21.180 5.98 0.014  
B2 1.683 1 0.932 0.26 0.618  
C2 39.417 1 39.417 11.13 0.007  
AB 5.013 1 5.013 1.32 0.259  
AC 16.841 1 16.841 4.75 0.052  
BC 1.975 1 1.975 0.56 0.471  
Error 38.961 11 3.542    
Total 280.455 20     
Std. Dev.    1.882 R-Squared 0.8611  
Mean   4.070 Adj R-Squared 0.7474  
C.V.   46.24 Pred R-Squared 0.4990  
PRESS   140.503 Adeq Precision 8.820  
Density 
     
Model 0.272929 9 0.030325 9.32 0.001 Significant 
A 0.019218 1 0.019218 5.90 0.033  
B 0.008382 1 0.008382 2.57 0.137  
C 0.208541 1 0.208541 64.06 0.000  
A2 0.011923 1 0.010353 3.18 0.102  
B2 0.000568 1 0.000885 0.27 0.612  
C2 0.012838 1 0.012838 3.94 0.073  
AB 0.000225 1 0.000225 0.07 0.797  
AC 0.008456 1 0.008456 2.60 0.135  
BC 0.002778 1 0.002778 0.85 0.375  
Error 0.035809 11 0.003255    
Total 0.308738 20     
Std. Dev.    0.057 R-Squared 0.8840  
Mean   0.848 Adj R-Squared 0.7891  
C.V.   6.728 Pred R-Squared 0.5720  
PRESS   0.132138 Adeq Precision 8.179  






Source Sum of squares DF Mean square F value P-value F > Fcrit 
Hardness 
     
Model 731.408 9 81.268 5.75 0.004 Significant 
A 33.931 1 33.931 2.40 0.150  
B 24.751 1 24.751 1.75 0.213  
C 568.823 1 568.823 40.25 0.000  
A2 56.064 1 51.644 3.65 0.082  
B2 2.788 1 3.480 0.25 0.629  
C2 14.164 1 14.164 1.00 0.338  
AB 7.521 1 7.521 0.53 0.481  
AC 17.763 1 17.763 1.26 0.286  
BC 5.603 1 5.603 0.40 0.542  
Error 155.464 11 14.133    
Total 886.871 20     
Std. Dev.    3.76 R-Squared 0.8247  
Mean   66.3 Adj R-Squared 0.6813  
C.V.   5.67 Pred R-Squared 0.3548  
PRESS   572.238 Adeq Precision 2.645  
Surface roughness 
     
Model 266.172 9 29.5747 2.58 0.070  
A 2.299 1 2.2990 0.20 0.663  
B 0.551 1 0.5513 0.05 0.830  
C 91.203 1 91.2025 7.97 0.017  
A2 23.038 1 27.2302 2.38 0.151  
B2 14.691 1 16.5429 1.45 0.254  
C2 20.739 1 20.7386 1.81 0.205  
AB 18.650 1 18.6501 1.63 0.228  
AC 31.590 1 31.5901 2.76 0.125  
BC 63.411 1 63.4110 5.54 0.038  
Error 125.875 11 11.4432    
Total 392.048 20     
Std. Dev.    3.38278 R-Squared 0.6789  
Mean   22.3383 Adj R-Squared 0.4162  
C.V.   15.1434 Pred R-Squared 0.0000  
PRESS   475.014 Adeq Precision 2.843  






Source Sum of squares DF Mean square F value P-value F > Fcrit 
Ultimate tensile strength 
     
Model 3,909.3 4 977.32 20.79 0.000 Significant 
A 217.7 1 217.67 4.63 0.047  
B 149.8 1 149.78 3.19 0.093  
C 3,304.2 1 3,304.24 70.30 0.000  
A2 237.6 1 237.58 5.05 0.039  
Error 901.9 16 47.01    
Total 4,661.3 20     
Std. Dev.    6.85603 R-Squared 0.8387  
Mean   24.057 Adj R-Squared 0.7983  
C.V.   27.25 Pred R-Squared 0.6902  
PRESS   1,444.23 Adeq Precision 11.73  
Tensile modulus 
     
Model 3,032,417 5 606,483 15.11 0.000 Significant 
A 9,996 1 9,996 0.25 0.625  
B 195,715 1 195,715 4.88 0.043  
C 2,484,613 1 2,484,613 61.89 0.000  
A2 205,701 1 205,701 5.12 0.039  
AC 136,393 1 136,393 3.40 0.085  
Error 602,190 15 40,146    
Total 3,634,608 20     
Std. Dev.    200.365 R-Squared 0.8343  
Mean   855.038 Adj R-Squared 0.7791  
C.V.   23.43 Pred R-Squared 0.6825  
PRESS   1,153,813 Adeq Precision 11.77  
Elongation-at-break 
     
Model 233.43 5 46.685 14.89 0.000 Significant 
A 19.31 1 19.307 6.16 0.025  
C 138.20 1 138.204 44.08 0.000  
A2 18.91 1 21.711 6.92 0.019  
C2 40.17 1 40.169 12.81 0.003  
AC 16.84 1 16.841 5.37 0.035  
Error 47.03 15 3.135    
Total 280.45 20     
Std. Dev.    1.771 R-Squared 0.8323  
Mean   4.070 Adj R-Squared 0.7764  
C.V.   43.51 Pred R-Squared 0.6683  
PRESS   93.0214 Adeq Precision 12.10  




Source Sum of squares DF Mean square F value P-value F > Fcrit 
Density 
     
Model 0.24150 3 0.080499 20.35 0.000 Significant 
A 0.01922 1 0.019218 4.86 0.042  
C 0.20854 1 0.208541 52.72 0.000  
C2 0.01374 1 0.013739 3.47 0.080  
Error 0.06724 17 0.003955    
Total 0.30874 20     
Std. Dev.    0.0629 R-Squared 0.7822  
Mean   0.848 Adj R-Squared 0.7438  
C.V.   7.42 Pred R-Squared 0.6948  
PRESS   0.0942165 Adeq Precision 11.73  
Hardness 
     
Model 658.82 3 219.61 16.37 0.000 Significant 
A 33.93 1 33.93 2.53 0.130  
C 568.82 1 568.82 42.40 0.000  
A2 56.06 1 56.06 4.18 0.057  
Error 228.05 17 13.41    
Total 886.87 20     
Std. Dev.    3.66 R-Squared 0.7429  
Mean   66.3 Adj R-Squared 0.6975  
C.V.   5.52 Pred R-Squared 0.5670  
PRESS   384.055 Adeq Precision 6.969  
Surface roughness 
     
Model 155.165 3 51.7216 3.71 0.032 Significant 
B 0.551 1 0.5513 0.04 0.845  
C 91.203 1 91.2025 6.55 0.020  
BC 63.411 1 63.4110 4.55 0.048  
Error 236.883 17 13.9343    
Total 392.048 20     
Std. Dev.    3.73287 R-Squared 0.3958  
Mean   22.3383 Adj R-Squared 0.2892  
C.V.   16.7106 Pred R-Squared 0.0226  
PRESS   383.193 Adeq Precision 5.836  








4.4.1 Obtaining optimum parameters 
The parameter settings to optimize each response were obtained from the reduced 
quadratic models previously described. Table 14 describes the target value for each 
response, the settings for each parameter in order to achieve the target, the predicted 
response value, the standard error fit, and the 95% confidence interval for the response. 
 
 Response Target X1 X2 X3 Predicted SE Fit 95% CI 
Y1 Tensile strength, MPa Maximize 28 7 0.006 47.06 3.43 39.79 54.32 
Y2 Tensile modulus, MPa Maximize 20 7 0.006 1,497 116 1,250 1,743 
Y3 Elongation-at-break, % Maximize 28 7 0.006 10.64 0.949 8.613 12.658 
Y4 Density, g/cm3 Maximize 28 7 0.007 0.983 0.0261 0.928 1.038 
Y5 Hardness Maximize 28 7 0.006 74.67 1.59 71.33 78.02 
Y6 Surface roughness, µm Minimize 28 7 0.006 17.84 1.89 13.85 21.82 
Table 14: Parameter settings to optimize individual responses 
4.4.2 Confirmatory test 
A confirmation test to demonstrate the fit of each reduced response model was 
performed. The target values, settings, predicted results, experimental results and typical 
metric values are shown in Table 15. The typical metrics are referenced from the material 
specification sheet for ALM PA 650, which were achieved with virgin ALM PA 650 using 
the processing parameters outlined in the ALM Material Processing Guide [22]. These 






 Response Target X1 X2 X3 Predicted Experimental Typical [22] 
Y1 Tensile strength, MPa Maximize 28 7 0.006 47.06 45.29 48 
Y2 Tensile modulus, MPa Maximize 20 7 0.006 1,497 1,511 1,700 
Y3 Elongation-at-break, % Maximize 28 7 0.006 10.64 5.70 24 
Y4 Density, g/cm3 Maximize 28 7 0.007 0.980 0.973 1.02 
Y5 Hardness Maximize 28 7 0.006 74.67 74.68 73 
Y6 Surface roughness, µm Minimize 28 7 0.006 17.84 17.16 - 
Table 15: Predicted and experimental results of confirmation tests for individual models 
Ultimate tensile strength 
The model for ultimate tensile strength predicted an optimal value of 47.06 MPa, 
which is within the range of the typical metric achieved. The experimental results showed 
the average ultimate tensile strength of 10 tensile bars to be 45.29 MPa, which is within 
the 95% confidence interval of the model. Thus, the experimental results agree well with 
the predicted response value. 
Tensile modulus 
The model for tensile modulus predicted an optimal value of 1,497 MPa. The 
experimental results showed the average tensile modulus of 10 tensile bars to be 1,511 
MPa, which is within the 95% confidence interval of the model. Thus, the experimental 
results agree well with the predicted response value. 
Elongation-at-break 
The model for elongation-at-break predicted an optimal value of 10.64 %, which is 
well below the typical metric achieved with virgin ALM PA 650. The experimental results 




experimental results disagree with the predicted response value. The discrepancy between 
the predicted model response and the experimental results is likely attributed to the fact 
that there is no correlation between strength that guarantees ductility, as shown in Figure 
14 and Figure 15, taken from [31]. Thus, although the DOE methodology produced a model 
from the data, there is no guarantee that the model can accurately predict the response for 
future experiments. This is due largely to the fact that elongation-at-break is a mechanical 
property that is very sensitive to defects and any significant void or defect within the part 
will reduce the ductility of the material. 
 
 





Figure 15: Elongation-at-break versus energy density [31] 
Density 
The model for density predicted an optimal value of 0.983 g/cm3. The experimental 
results showed the average density of 5 cube specimens to be 0.973 g/cm3, which is within 
the 95% confidence interval of the model. Thus, the experimental results agree well with 
the predicted response value. 
Hardness 
The model for hardness predicted an optimal value of 74.67, which is within the 
range of the typical metric achieved. The experimental results showed the average hardness 
of 5 cube specimens to be 74.68, which is within the 95% confidence interval of the model. 





The model for surface roughness predicted an optimal value of 17.84 µm. The 
experimental results showed the average surface roughness of 5 specimens to be 17.16 µm, 
which is within the 95% confidence interval of the model. Thus, the experimental results 





Chapter 5: Conclusion 
5.1 SUMMARY 
In this work, a DOE based methodology to optimize mechanical properties of laser-
sintered parts is proposed and an application of the methodology is tested. The details of 
the methodology are discussed including the motivation for selecting the design variables 
(fill laser power, outline laser power, scan spacing), response variables (ultimate tensile 
strength, tensile modulus, elongation-at-break, density, hardness, surface roughness), work 
material (ALM PA 650 unfilled nylon 12 polyamide blend), number of experiments (21) 
and order of experiments (randomized). The testing methods for data collection are 
described and the results are presented. 
Quadratic models and reduced models for each response variable are developed 
from the data and presented. ANOVA is performed on both full-quadratic and reduced 
models to determine statistical significance. Finally, a confirmation test for the optimized 
setting for each response variable is performed and the results are presented. 
The confirmatory tests show that in all cases, with the exception of elongation-at-
break, the reduced models predicted the response variables at the optimal parameter 
settings within a 95% confidence interval. The model for elongation-at-break (Equation 8) 
is not an accurate predictor for the response, which can be explained by results of previous 
research that demonstrated the lack of correlation between strength of the material and 
ductility of the material [31]. Consequently, ultimate tensile strength and tensile modulus 
are not good measures for the integrity of the parts. 
5.2 FUTURE WORK 
The work conducted within this thesis demonstrated that a model could be 




The optimal settings were most often determined to be on the edge of the working range 
of the input parameters, thus indicating that this range should have been wider. The optimal 
settings for each model were the optimums within the experimental data set, however 
further work could focus on determining the true optimum within a wider range of the input 
parameter settings. Further, the optimization work that was conducted focused on 
maximizing or minimizing a specific property rather than aiming for a target value. 
Additional work could be conducted to verify validity of the models when the goal of the 
optimization is not a maximum or minimum value. 
The work demonstrated within showed that an applicable model could be developed 
for the mechanical properties of tensile strength, tensile modulus, density, hardness and 
surface roughness. The work demonstrated that the model was invalid for elongation-at-
break. Further work could be conducted to develop a set of mechanical properties for which 
this methodology could be applicable. 
As new powder materials are developed for laser sintering, future research should 
implore the methodology described within in order to characterize the processing range for 
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